In rats, the metabolic activation of P2N appears to be a (DIfE), D-14558 Potsdam-Rehbrücke, Germany liver-specific process (8, 9) which is catalyzed by hepatic 3 To whom correspondence should be addressed cytosolic sulfotransferases (3) . Using V79-derived cell lines Email: andrae@gsf.de engineered for expression of individual forms of rat hepatic The industrial solvent 2-nitropropane (2-NP) is a genotoxic sulfotransferases, we have recently identified two distinct hepatocarcinogen in rats. The genotoxicity of the compound sulfotransferases, SULT1A1 and SULT1C1, which are capable in rats has been attributed to sulfotransferase-mediated of activating P2N in the rat (10). Nothing is known, however, formation of DNA-reactive nitrenium ions from the anionic about the ability of human sulfotransferases to activate 2-NP form of 2-NP, propane 2-nitronate (P2N). Whether human or P2N to a genotoxicant. Initial studies in cultured human sulfotransferases are capable of activating P2N is unknown.
cells showed that 2-NP did not induce DNA damage, as In the present study we have addressed this question by detected by induction of DNA repair synthesis, in the cell investigating the genotoxicity of P2N in various V79-derived lines A549 and NCI-H322 (derived from adenocarcinomas of cell lines engineered for expression of individual forms the lung), WI38 (derived from embryonic lung fibroblasts) and of human sulfotransferases, the phenol-sulfating and the HEp2 (derived from an epidermoid larynx carcinoma) (8) . No monoamine-sulfating phenol sulfotransferases (hP-PST and phenol sulfotransferase activity, measured as sulfation of hM-PST) and the human hydroxysteroid sulfotransferase 3-hydroxybenzo[a]pyrene, could be detected in A549 cells (hHST). Genotoxicity was assessed by measuring the induc-(11) and only a very low activity was observed in NCI-H322 tion of DNA repair synthesis and by analyzing the formation cells (12). No information is available on sulfotransferase of DNA modifications. P2N induced repair synthesis in activity of WI38 and HEp2 cells.
V79-hP-PST and V79-hM-PST cells, whereas induction of
The question of whether 2-NP is genotoxic in human repair synthesis in V79-hHST cells was negligible. P2N hepatocytes has been addressed in a study by Davies et al. also resulted in the formation of 8-aminodeoxyguanosine (13), who compared the effects of 2-NP and P2N on unschedand increased the level of 8-oxodeoxyguanosine in V79-hPuled DNA synthesis (UDS) and DNA modifications in primary PST cells, but not in the parental V79-MZ cells, which do cultures of hepatocytes from rat, mouse and man. All three not show any sulfotransferase activity. Acetone oxime, the species showed UDS after exposure to 2-NP, but the effects tautomeric form of the first reduction product of 2-NP, 2-observed in human hepatocytes were much lower than those nitrosopropane, was inactive in all cell lines. The results observed in rat hepatocytes. In addition, there was a striking show that the human phenol sulfotransferases P-PST and interindividual variability with regard to the response of the M-PST are capable of metabolically activating P2N (Phuman hepatocyte preparations to 2-NP and P2N, as only three PST >> M-PST) and that the underlying mechanism is and four of six preparations showed induction of DNA repair apparently identical to that resulting in the activation of by 2-NP and P2N, respectively. All preparations efficiently P2N in rat liver, where 2-NP causes carcinomas. These activated 2-acetylaminofluorene, which served as a positive results support the notion that 2-NP should be regarded control chemical. An analysis of the DNA from 2-NP-treated as a potential human carcinogen.
hepatocytes by high performance liquid chromatography with electrochemical detection (HPLC-EC) revealed the presence of a major, electrochemically active modified deoxynucleoside Introduction in the DNA from rats and, at a lower level, from mice. This 2-Nitropropane (2-NP) is an industrial chemical which causes DNA modification, which most likely represented a DNA hepatocellular carcinomas in rats when administered by inhalamodification previously called 'DX1' and now known to tion (1) or by gavage (2) . It has been suggested that the be 2-hydrazinohypoxanthine (6) was not detected in human carcinogenicity of the compound in rats results from enzymatic hepatocytes. The level of 8-oxodeoxyguanosine (8-oxodGuo), conversion of the anionic form of 2-NP, propane 2-nitronate which is increased in the hepatic DNA of rats treated with 2-(P2N), into a DNA-damaging, unsubstituted nitrenium ion NP, was not elevated in the hepatocytes of any of the species. Taken together, the observations indicate that 2-NP/P2N is and man is due to the same mechanism. In particular, it is was used. Expression of the sulfotransferases was analyzed by immunoblotting and enzyme activity measurements. The expression levels in the cell lines, determined by immunoblotting, were somewhat higher (2-3 times) than those in the human tissues showing the highest expression levels, i.e. liver for hP-PST, duodenum for hM-PST and liver and adrenals for hHST. Levels of expression of the recombinant proteins in the three cell lines were approximately equal. Specific activities in cytosol preparations were determined as described previously (18, 20) . They amounted to 30, 100 and 330 pmol product/min/mg protein for V79-hHST (substrate dehydroepiandosterone), V79-hP-PST (substrate p-nitrophenol) and V79-hM-PST (substrate dopamine) cells, respectively. Cells were grown as monolayer cultures in Dulbecco's modification of Eagle's medium (from PAA) supplemented with 10% fetal calf serum (Gibco BRL), 100 U/ml penicillin and 100 µg/ml streptomycin (Biochrom) at 37°C in a humidified atmosphere of 93% air/7% CO 2 .
DNA repair synthesis DNA repair synthesis in V79 cells was determined using the 5-bromo-2Ј-deoxyuridine (BrdUrd) density shift method (21) with the modifications described (8, 22) . Cells were preincubated in 5 ml basal Earle's medium (Biochrom) supplemented with 20 mM HEPES, 2 µM fluorodeoxyuridine (Sigma) and 10 µM BrdUrd (Sigma) for 1 h. After preincubation the medium was removed and the cells were provided with fresh medium additionally containing 10 µCi/ml [5-3 H]deoxycytidine (25.6 Ci/mmol; NEN), 2 mM hydroxyurea (Sigma) (23) and the test compound. P2N and AO were dissolved in medium, 1-HMP in dimethylsulfoxide (DMSO). The final DMSO concentration in the medium was 0.5%. For UV irradiation, cells were rinsed with phosphate-buffered saline, drained and irradiated with UV light (254 nm, 1 J/m 2 /s). After 5 h incubation, the DNA was isolated and unreplicated ('light') DNA strands were separated from replicated, density labeled ('heavy') strands by equilibrium centrifugation in alkaline CsCl/Cs 2 SO 4 gradients. Repair a System Gold HPLC system (Beckman) using two 0.46ϫ25 cm Ultrasphere
Thus, the induction of DNA repair synthesis by P2N in a V79
ODS columns (particle size 5 µm) in series with a 0.46ϫ4.6 cm Ultrasphere line engineered to express a sulfotransferase would clearly ODS guard column. Elution with buffer containing 12.5 mM citric acid, 25 indicate the ability of this enzyme to activate 2-NP/P2N. In mM sodium acetate and 7.5% methanol (pH 5.1) was performed at a flow rate of 1 ml/min. Separations were monitored with a photodiode array detector addition, we determined whether the DNA modifications 8- were processed using special HPLC software (System Gold; Beckman). For quantification of 8-oxodGuo, calibration curves were constructed relating the concentration of 8-oxodGuo to the integrated response of the EC detector and
Materials and methods
the concentration of deoxyguanosine (dGuo) to its integrated UV absorbance.
Chemicals
The DNA modification 8-aminodGuo was identified by co-chromatography with a mixture of 8-aminodGuo and 8-oxodGuo obtained by reacting dGuo 2-NP (CAS no. 79-46-9, purity Ͼ99%) was donated by Angus-Chemie with hydroxylamine-O-sulfonic acid as described (5). 8-AminodGuo was (Ibbenbüren-Uffeln, Germany). P2N was prepared by mixing equal amounts quantified by relating the integrated response of the EC detector to the of 2-NP and NaOH in water and allowing the mixture to stand at room integrated UV absorbance of dGuo and expressed as relative area units. temperature for 30 min. Acetone oxime (AO) (98%) was purchased from Riedel-de Haen (Seelze) and 1-hydroxymethylpyrene (HMP) (98%) from Aldrich (Steinheim). All other chemicals were of the highest purity available. than in the other two cell lines, but the difference was not f Significantly different from the value of the control, P Ͻ 0.01 (two-sided statistically significant.
Results

Cells
Student's t-test).
AO, the tautomeric form of the first reduction product of 2-g Not determined.
NP, 2-nitrosopropane, did not induce DNA repair in any of h Significantly different from the value of the control, P Ͻ 0.001 (two-sided the V79 cell lines (Table I ). This observation supports the
i Significantly different from the value of the control, P Ͻ 0.05 (two-sided notion that the compound, which is formally the direct precursor
of the reactive intermediate acetoxime-O-sulfonate (Figure 1 ), is not a substrate of sulfotransferases capable of activating P2N (10). We determined whether exposure of V79-hP-PST cells, the tested, repair was increased 3-to 4-fold above the control cell line with the highest capacity to activate P2N, also resulted level and at 3 mM the increase was~24-fold. No further in formation of DNA modifications characteristic of 2-NP and stimulation of repair occurred when the P2N concentration was P2N. Table II shows that the same P2N concentrations that raised from 3 to 10 mM, suggesting that these concentrations elicited DNA repair also resulted in concentration-dependent saturated the capacity of the cells either to metabolize P2N to formation of both 8-aminodGuo and 8-oxodGuo in the DNA the DNA-damaging species or to repair the P2N-induced of the cells. In contrast to the amount of repair induced, the DNA lesions. levels of both modifications continued to increase between 3 P2N was also effective in inducing DNA repair in V79-and 10 mM P2N, indicating that the metabolism of P2N was hM-PST cells, although to a much lesser extent than in V79-not saturated at 3 mM. Exposure of the parental V79-MZ hP-PST cells. Repair synthesis increased continuously up to cells, which do not express sulfotransferase activity nor exhibit the highest concentration tested (10 mM), where a 4.5-fold increased repair following exposure to P2N (10), did not result increase over control levels was obtained. In contrast, no in the formation of detectable amounts of 8-aminodGuo and significant effect of P2N on DNA repair was observed in V79-did not affect the level of 8-oxodGuo in the DNA of the cells hHST cells. At 10 mM P2N, there was a slight elevation of (Table II) . repair (150% of the control value), but this increase was not statistically significant. Discussion All three cell lines were capable of activating 1-HMP to a DNA-damaging metabolite, although to different extents ( Table  The data presented show that the human phenol sulfotransferases hP-PST and hM-PST are capable of metabolizing P2N to I). V79-hP-PST cells were again the most efficient. The two concentrations of 1-HMP tested (10 and 30 µM) led to nearly a DNA-damaging species. Treatment of V79 cell lines engineered to express these enzymes with P2N resulted in the identical levels of DNA repair, which were similar to those induced by irradiation with 20 J/m 2 UV light and by 3 and 10 induction of DNA repair synthesis, an indicator of the presence of DNA modifications subject to excision repair. An analysis mM P2N. These observations suggest that all these treatments saturated the capacity of V79-hP-PST cells for excision repair.
of the DNA modifications in P2N-exposed V79-hP-PST cells by HPLC-EC revealed the presence of 8-aminodGuo and 1-HMP caused a concentration-dependent increase in repair in V79-hM-PST cells, but the effects were markedly lower than increased levels of 8-oxodGuo. These DNA base modifications have been previously observed in the hepatic DNA of rats those observed with V79-hP-PST cells. As UV irradiation was similarly effective in inducing repair in V79-hM-PST and treated with 2-NP (4,5) and in the DNA of cultured ovine seminal vesical cells (26) exposed to P2N. Whereas 8-oxodGuo V79-hP-PST cells, it appears likely that the lower effect of 1-HMP in V79-hM-PST reflects a lower capacity of the cells may be formed by a variety of mechanisms, the presence of the characteristic DNA modification 8-aminodGuo in all these for metabolic activation of 1-HMP. The lowest genotoxicity of 1-HMP was observed in V79-hHST cells, where both systems strongly suggests that the mechanisms of activation are very similar in rat liver and in the recombinant cell lines concentrations of the compound induced a 4-to 5-fold increase 
